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ABSTRACT 
Biodiesel has emerged as a promising alternative fuel to replace dwindling fossil-based 
resources, particularly in view of its added environmental merit of reducing additional air 
pollution. Its specific attraction stems from the similarity of its physical properties to fossil 
fuel-derived diesel. Although the production of biodiesel is a relatively straightforward process, 
reaction progress monitoring and product analysis require costly specialist equipment, such as 
gas chromatography and mass spectrometry. In this study we investigate the use of pH in 
monitoring the progress of carbonate-catalysed transesterification reactions. Specifically, we 
focus on potassium and sodium carbonates and sunflower oil. Our results are consistent with 
the results obtained by other studies using different methods of monitoring. To test the 
generality of the method, pH measurements were also used to monitor the progress of the 
potassium carbonate transesterification reaction in the presence of added water, glycerol and 
gamma-valerolactone (GVL). The obtained results are as expected, with a limited amount of 
water increasing the transesterification rate; glycerol slowing the reaction slightly in accord 
with Le Chatellier’s principles; and GVL increasing the rate due to co-solvent effects. Atomic-
level insights into the adsorption mechanism of methanol and water on the (001) surfaces of 
Na2CO3 and K2CO3 catalysts is provided by first-principles DFT calculations, which explain 
the increase in transesterification reaction rate upon the addition of water. 
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INTRODUCTION 
Biodiesel has begun to emerge as a viable alternative fuel to replace dwindling fossil-based 
resources. Biodiesel is a fuel based on vegetable oil or animal fat, which consists of long chain 
alkyl (methyl, ethyl or propyl) esters [1,2]. Besides being renewable, biodiesel is attractive as 
a fuel because it releases fewer air pollutants per net energy than fossil fuels, and it is non-
toxic, bio-degradable and has high energy efficiency. It also has a high cetane number and, 
unlike petroleum diesel, it contains no aromatics or sulphur [3–5]. These characteristics reduce 
the emission of pollutants, such as carbon monoxide, sulphur dioxide and hydrocarbons, as are 
found in the exhaust gases of petroleum-based diesel. The ester molecule has an oxygen atom 
which makes it efficient in combustion, resulting in less carbon monoxide being produced. The 
ester group also makes biodiesel biodegradable. 
Transesterification is the most common method of converting animal fats and plant oils to 
biodiesel. In this process, animal fats or plant oils are made to react with a short-chain alcohol 
(methanol, ethanol or propanol) in the presence of a catalyst to form alkyl esters, with glycerol 
anrroduced as by-products of the reaction. Bases such as sodium or potassium hydroxides or 
metal ethoxides are used as catalysts for the transesterification process, where a base reacts 
with alcohol to produce alkoxides, which in turn react with the glyceride to form fatty acid 
methyl esters (FAME) and glycerol. The advantage of using NaOH/KOH is that they speed up 
the reaction , achieving 97% conversions in less than one hour at low temperatures of 50-70ºC 
[6–9]. The major problem is that water is produced as a by-product; this complicates the process 
as it results in the hydrolysis of FAME to form soap, which causes a decrease in the percentage 
yield of biodiesel, whereas a lot of time and energy is spent on the recovery of glycerol at the 
end of the reaction. Potassium carbonate, sodium carbonate, boiler ashes and refinery waste 
ashes of fibres, shell, and husks have been used as base catalysts to produce very good yields 
of FAME [10]. The use of carbonates reduces the formation of soap, because the carbonate 
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reaction results in the formation of bicarbonates instead of water, which do not hydrolyse the 
esters [6,10]  
The production of biodiesel involves heating the feedstock and alcohols to certain 
temperatures, adding catalysts and agitating the mixture using stirrers until the reaction is over.  
Several techniques have been developed to monitor the progress of the transesterification 
process, e.g. gas chromatography (GC) [11], high performance liquid chromatography (HPLC) 
[12], gel permeation chromatography (GPC) [13] and nuclear magnetic resonance (NMR) [14]. 
These methods require time-consuming sample preparation techniques and are often used for 
offline monitoring. It is also difficult to monitor fast and reversible reactions like 
transesterification [15]. 
Recent efforts have focussed on the development of simple, cheap and non-invasive techniques 
for the in-situ monitoring of biodiesel production, for example the non-invasive near infra-red 
(NIR) method developed by Knothe et al. [16], which was shown to be a robust approach 
capable of  predicting the properties of biodiesel, such as kinematic viscosity and boiling 
points. They used a peak at 6050 cm-1 to show the formation of methyl esters, whereas partial 
least squares (PLS) fitting was used to calibrate the area under the peak to quantify the products. 
Limitations associated with this method included overlap of peaks of interest with other peaks, 
e.g. those of methanol. In addition, some of the peaks were not well resolved, and the method 
may hence lead to erroneous interpretation of the results [16]. 
Another  non-invasive monitoring technique was developed by De Boni et al [15], where  laser 
light is used to study the changes in the refractive index of the reaction medium as the reaction 
progresses. The plots of resistance against time showed various regions that are characteristic 
of the different stages of the reaction. The first region is often assigned to the homogenization 
stage which is characterised by a high degree of optical activity. The second region, 
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characterised by a reduction in the refractive index, is due to the presence of reversible 
reactions, with the third region representing the state of equilibrium, characterized by the graph 
levelling off. The method is sensitive to chemical composition of the reaction mixtures and 
impurities easily lead to erroneous data. 
Another study has utilised an acoustic wave solid state viscometer to carry out in-situ 
measurements of viscosity during transesterification [17]. The experiments were done at bench 
top scale and in a pilot plant. The progress of the reaction was indicated by the decrease in 
viscosity of the reaction mixture until it reached a plateau where a steady state was observed, 
indicating the end of the reaction. Different pure and used vegetable oils were used in the study 
and it was observed that the plots of shear stress versus reaction time showed similar results. 
The results obtained were also able to tell if saponification took place [18]. 
Clarks et al [19] obtained reproducible pH measurements that were used to monitor the 
transesterification reaction of canola oil using potassium hydroxide as a catalyst. The pH 
measurements were also related to the conversion of canola oil to biodiesel. The data obtained 
from the experiments were fitted to a kinetic model and the findings were the same as those 
found by other investigators [20]. The results showed that the biodiesel formation process was 
characterised by an initial fast increase in pH, followed by a gradual decrease until the pH 
remained constant, which showed the completion of the reaction. The change in pH was related 
to the dilution of OH- ions as the oil was converted to biodiesel, and not the depletion of OH-, 
because OH- ions are soluble in biodiesel but not in oil. The saponification was shown by a 
gradual increase in pH until it became constant. The amount of oil converted to biodiesel during 
the reaction X(t) was determined using equation 1. 
𝑋(𝑡) =
10−(14−𝑝𝑒𝑎𝑘 𝑝𝐻)−10−(14−𝑝𝐻 𝑎𝑡 𝑡𝑖𝑚𝑒 𝑡)
10−(14−𝑝𝑒𝑎𝑘 𝑝𝐻)−10−(14−𝑓𝑖𝑛𝑎𝑙 𝑒𝑥𝑝𝑒𝑐𝑡𝑒𝑑 𝑝𝐻)
                                                                                   (1) 
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These results show that pH measurements can be used successfully as a simple and cost-
effective way to monitor the conversion of oil to biodiesel. The pH method of monitoring is 
simple to use; no special technical skills are needed to operate a pH meter. Compared to other 
monitoring equipment, like NMR, GC, IR and GPC, pH meters are cost effective and easily 
accessible.  
In order to investigate the generality of pH measurements to monitor the progress of 
transesterification reactions, in the present study we have used sunflower oil and the non-
conventional catalysts potassium and sodium carbonate. The solubility of carbonates in 
oil/biodiesel is not expected to be the same as OH-. Moreover, it is still unclear whether they 
can be considered as homogenous or heterogeneous with respect to dissolution in methanol 
[21]. It is therefore of interest to compare the change of pH with time under hydroxide- and 
carbonate-catalysed transesterification.  A common practice which has been shown to speed 
up transesterification is the use of co-solvents such as tetrahydrofuran (THF) [22,23]. In this 
study, we have used water, glycerol and gamma valerolactone (GVL) as co-solvents to the 
methanol. Both water and glycerol are known to dissolve carbonates and GVL has been used 
successfully before as a blending fuel for biodiesel and was found not to have any effect on 
fuel properties [24]. It is potentially greener and cheaper than THF as a co-solvent. 
Methods 
Transesterification reactions with methanol (Sigma Aldrich, HPLC grade) were carried out at 
333 K and atmospheric pressure in batch reactors.  Sunflower oil (Spar stores; acid value of 
0.07 mg KOH/g, molecular weight of 879.5 g/mol) was used. The method validation reactions 
were carried out with a methanol/oil molar ratio of 12:1 [21]. All other reactions were carried 
out with oil methanol ratios of 6:1, at the temperature of 333 K, and a catalyst concentration of 
1% (with respect to the weight of oil) of K2CO3 and Na2CO3 was used in the reactions. Each 
pH data point represents a single pH measurement. 
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Method validation experiments: In order to validate the use of pH to monitor the 
transesterification progress under carbonate-catalysed conditions, the procedure by Arzamendi 
et al. was followed [21]. In this experiment, the researchers used size exclusion 
chromatography (SEC) to monitor the reaction. In brief, the reactions were performed in a 50 
mL two-necked glass flask, equipped with a reflux condenser and a magnetic stirrer, under 
atmospheric pressure. The reaction flask was placed in a water chamber kept at the desired 
temperature. To validate the use of pH to monitor conversion of oil to biodiesel using potassium 
carbonate as a catalyst, the reactions were performed in a 50 ml batch reactor under the exact 
same conditions as the reference [21], i.e. 12:1 methanol to oil ratio and a temperature of 323 
K. The catalyst concentration used was 0.5% K2CO3 (with respect to the weight of oil). 
 Before starting the reaction, the required amount of carbonate is mixed with a small volume 
of methanol. The rest of the alcohol and sunflower oil was preheated to 323 K in the reactor. 
The start time of the reaction coincided with the addition of the catalyst to the heated reaction 
mixture.  
Co-solvent experiments:  The procedure was the same as the method validation experiments 
except that the methanol/oil molar ratio was 6:1. The predetermined volume of co-solvent was 
added to the catalyst-containing methanol. The reaction started when this catalyst was added 
to the oil which was already pre heated to 333 K. 
Computational details 
First-principles density functional theory (DFT) calculations were performed using the Vienna 
Ab initio Simulation Package (VASP) [25,26], a periodic plane wave DFT code which includes 
the interactions between the core and valence electrons using the Project Augmented Wave 
(PAW) method [27]. An energy cut-off of 500 eV, and Monkhorst-Pack [28] k-point mesh of 
3×5×5 was used to sample the Brillouin zone of bulk K2CO3 and Na2CO3 materials. Geometry 
optimizations were performed based on the conjugate-gradient algorithm until the residual 
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Hellmann–Feynman forces on all relaxed atoms reached 10−3 eVÅ−1.  The electronic exchange–
correlation potential was calculated using the Perdew–Burke–Ernzerhof (PBE) functional in 
the generalized gradient approximation (GGA) [29]. 
The METADISE code [30] , which ensures the creation of surfaces with zero dipole moment 
perpendicular to the surface plane, was used to create the (001) surfaces of the Na2CO3 and 
K2CO3. In each simulation cell, a vacuum region of 15 Å deep was added perpendicular to the 
surface to avoid interactions between periodic slabs. The surface energy (γr), which quantifies 
the stability of the Na2CO3(001) and K2CO3(001) surfaces, was calculated using the equation: 
 
A
nEE bulk
relaxed
slab
r
2
−
=                                                             (2) 
where relaxedslabE is the energy of the relaxed slab, bulknE   is the energy of an equal number (n) to 
the bulk Na2CO3/K2CO3 species, and A is the surface area. The adsorption energy (Eads), which 
characterizes the strength of methanol or water adsorption, is calculated using the equation: 
Eads = Emol +surface − (Esurface + Emol)                               (3) 
where Emol+surface is the total energy of the relaxed adsorbate-substrate systems, Esurface is the 
total energy of the isolated surface, and Emol is the total energy of the free methanol or water 
molecule. An exothermic adsorption process is characterized by a negative Eads, whereas an 
endothermic adsorption process is characterized by a positive value. 
RESULTS AND DISCUSSIONS 
In this section, results for the carbonate-catalysed transesterification reaction are presented, 
starting with the pH vs time plots, as these show subtle differences and similarities which may 
be useful in understanding the underlying chemistry. The fractional conversions obtained using 
equation 1 are discussed next.  Figure 1 shows the changes in pH as the reaction progresses for 
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the Na2CO3 and K2CO3 catalysed reactions. For both reactions, there is an initial rapid increase 
in pH followed by a gradual decrease and finally levelling off of the graph. The initial increase 
has been attributed to the initial mixing or mass transfer of the oil and methanol [15]. The 
gradual decrease in pH has been attributed to the conversion of oil to biodiesel, the so-called 
reaction stage of transesterification. The nearly constant pH at longer times indicates that the 
reaction is now at an equilibrium stage. This behaviour is similar to what was observed by 
Clarks et al when hydroxides were used as catalysts [19]. The three phases have also been 
observed when using other monitoring techniques, like laser light [15] and viscosity [17]. The 
catalysts used in this investigations are both slightly soluble in methanol [10,21] with 
potassium carbonate being more soluble.  The time taken to reach maximum pH was shorter in 
the K2CO3 catalysed reaction (7.5 minutes) than in the Na2CO3 catalysed reaction (12.5 
minutes), which can be attributed to the higher solubility of the former in methanol, hence 
resulting in a shorter initial mixing period. The maximum pH values are 12.0 and 11.6 for the 
K2CO3 and Na2CO3 catalysed reactions, respectively, where the higher pH value for the K2CO3 
catalysed reaction could also be a result of its higher solubility in methanol. The rate constants, 
k2, for the reaction stage of both transesterification reactions were calculated assuming that at 
that stage the reaction proceeds by an irreversible second order rate law [19,20]. These rate 
constants were calculated from plots of 1/[OIL] against time, where [OIL] is the time-
dependent concentration of the sunflower oil. As shown in Table 1, as expected, the rate 
constant for the K2CO3 catalysed reaction is found to be much higher than that of the Na2CO3 
catalysed reaction. 
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Table 1: The rate constants (k2) for the reaction stage of the transesterification reaction at 
different reaction conditions. 
System Rate constant (k2) L/mol.min  R2 
Catalyst type 
1% K2CO3 0.2490 0.9573 
1% Na2CO3 0.0614 0.9779 
Added water 
1% K2CO3 + 0% H2O 0.2490 0.9573 
1% K2CO3 + 0.16% H2O 3.4238 0.9953 
Added 
Glycerol 
1% K2CO3 + 0% Glycerol 0.2490 0.9573 
1% K2CO3 + 1% Glycerol 0.0855 0.9940 
1% K2CO3 + 2% Glycerol 0.1319 0.9772 
Added GVL 
1% K2CO3 + 0% GVL 0.2490 0.9573 
1% K2CO3 + 4% GVL 0.5674 0.9554 
1% K2CO3 + 10% GVL 1.5968 0.9811 
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Figure 1: The change in pH as the reaction progresses for the reaction with 1% K2CO3 (○) and 1% Na2CO3 (●) as 
catalysts. 
 
The oil-to-biodiesel fractional conversions, calculated using equation 1, have been plotted in 
Figure 2. It can be noted that, when using potassium carbonate as a catalyst, about 90% of the 
oil is converted to biodiesel within the first hour, while for sodium carbonate only about 65% 
is converted in the first hour. The faster rate of conversion in potassium carbonate is probably 
due to the more homogenous nature of the reaction as this catalyst is more soluble in methanol 
than the sodium carbonate. A comparison of the oil-to-biodiesel fractional conversions of the 
K2CO3 catalysed sunflower oil transesterification reaction, monitored using pH and SEC [21], 
shows very similar results, as can be seen in Figure 3. Thus, it can be concluded that the use of 
pH measurements in conjunction with equation 1 can be extended to carbonate-based catalysts. 
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Figure 2:  Conversion of Sunflower oil to biodiesel using (●Na2CO3 and ○ K2CO3) as catalysts. 
 
Figure 3: Graph of conversion of K2CO3 (○ obtained from this experiment)  and from Arzamendi et al (●) using  
size exclusion chromatography (SEC) [21] 
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Effect of adding co-solvents glycerol, water and gamma Valero lactone (GVL) 
Adding a co-solvent to a reaction mixture speeds up the reaction rates as it enhances the 
miscibility of the oil and methanol phases, thereby generating a single phase system [23]. In 
this work three solvents were used as co-solvents; The first co-solvent used was glycerol as 
this is in any case a side product of transesterification. Although adding glycerol may be 
expected to slow down the reaction, in line with Le Chatelier's principle, because it is a by-
product, it is also one of the few solvents that can completely dissolve sodium and potassium 
carbonates. It may therefore be expected that the presence of glycerol may lead to a more 
homogenous phase and hence speed up the reaction by reducing the crucial phase mixing time. 
The second co-solvent selected was water. Potassium carbonate is highly soluble in water, so 
addition of small amounts of water can in theory speed up the rate of reaction by improving 
the dissolution of the catalyst, hence reducing the initial mass transfer limitations. Although 
water has been found to promote hydrolysis of triglycerides forming free fatty acids and, in the 
end, encouraging the saponification reaction, the transesterification reaction can tolerate small 
amounts of water. Added water should therefore not be excessive, whereas excess water can 
be removed easily after the reaction curing the washing and drying of the biodiesel produced. 
The final solvent that was used in this work was gamma valerolactone (GVL). GVL has been 
found to have similar properties to ethanol; it has significant potential as a fuel itself, and 
therefore can be blended with biodiesel. For this reason, it does not need to be removed from 
the biodiesel that is produced [24,31], thus reducing costs.  
Figure 4 is the pH vs time plot for the K2CO3 catalysed transesterification reaction with and 
without added water. The three stages, i.e. initial mixing, reaction stage and final equilibrium 
stages, are all present. When 40 µL (0.16%) of water is added to the reaction mixture, the 
maximum pH reached is 12.8 and that occurs earlier than in pure methanol reactions. It can 
also be noted that where water is added, the pH decreases more rapidly after reaching the 
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maximum value compared to the case of pure methanol. Water might help to improve the 
solubility of K2CO3 in methanol, hence increasing the reaction speed. It should be noted, 
however, that addition of more than 40 µL resulted in a saponification reaction [32]. As shown 
in Figure 5, the addition of 40 µL of water resulted in the complete conversion of oil to biodiesel 
within 60 minutes of the reaction. This behaviour is in agreement with the literature [33,34], 
which states that small amounts of water can improve catalytic activity of solid catalysts and 
biodiesel yields. In the presence of water, not only can methanol be deprotonated by CO3
2− but 
water can also be deprotonated to OH−, which is a stronger base to deprotonate methanol to 
form methoxide anions, which are the species that react with triglyceride to form corresponding 
fatty acid methyl esters (FAMEs) during the transesterification reaction [34]. The dissolution 
of the catalyst in the presence of water increases the rate of the reaction, which finding is also 
supported by the rather high second order rate constant (Table 1) for the case of added water. 
Figure 4: Effect of adding water to the pH the on K2CO3 catalysed reaction. 
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Figure  5: Effect of adding water on the conversion of oil to biodiesel on 1% K2CO3 catalysed reaction. 
As to glycerol, the pH vs time profiles (Figure 6) also exhibit the three stages of initial mixing, 
reaction and equilibrium, as observed in the earlier plots. The maximum pH values were 
attained at 450 s (0% added glycerol), 90 s (1% added glycerol) and 360 s (2% added glycerol). 
The addition of small amounts of glycerol seems to shorten the time for the mixing stage, 
presumably due to increased solubility of the carbonate. However, as the amount of added 
glycerol increases, the mixing time again increases, this time probably due to increased 
viscosity of the reaction mixture. After the mixing stage, adding glycerol reduces the rate of 
the reaction (k2 values are 0.0855 and 0.1319 L/mol.min for 1% and 2% added glycerol, 
respectively). One can assume that glycerol addition slowed the reaction, in agreement with Le 
Chatelier’s principle, which is confirmed by the conversion vs time plot in Figure 7. In the first 
10 minutes, glycerol has no effect on the amount of oil converted to biodiesel. However, after 
30 minutes the added glycerol appears to slow down the reaction, which can be rationalized by 
considering the fact that, at this point, the reaction is producing its own glycerol. The excess 
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glycerol in the system might be causing glycerol-induced poisoning of the catalyst [35].  It is 
also clear from Figure 7 that increasing the amount of glycerol has no significant effect on the 
final yield of biodiesel.  
 
Figure 6: pH time profile for K2CO3 catalysed reaction with different amounts of added glycerol. 
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Figure 7:  Oil conversions versus time profiles when adding glycerol as a co-solvent. 
The evolution of pH in the absence and presence of different amounts of added gamma 
valerolactone to the potassium carbonate catalysed reactions is shown in Figure 8. The three 
stages of transesterification are clearly visible. The pH versus time profile for the reaction with 
added GVL shows a rapid decrease compared to the one without GVL post the mixing stage. 
The mixing stage was prolonged when 4% GVL was added compared to 10% GVL. The 
increase in the amount of GVL in the system might decrease the viscosity of oil and in turn 
reduce the initial mass transfer limitations. It is clear from Figure 9, that adding GVL increases 
the rate of formation of products. It can also be observed, that without GVL addition to the 
reactants, the yield after 1 hour was 89% but this increased to 98% after its addition. 
 
 
Figure 8: Change in pH when GVL was added to K2CO3 catalysed reaction 
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Figure 9: Effect of addition GVL as a co-solvent 
Computations of methanol adsorption on the K2CO3 and Na2CO3 (001) surfaces 
First-principles DFT calculations were carried out to characterize the adsorption behaviour of 
methanol at the (001) surface of Na2CO3 and K2CO3 catalysts. Although Na2CO3 and K2CO3 
can crystallise in different phases at different temperature ranges [36–38], in the present study, 
we have considered only their most stable phases [39], i.e. Na2CO3 in the monoclinic phase 
with space group C2/m (Figure 10a) and the monoclinic phase of K2CO3 with space group 
P21/c (Figure 10b). The optimized structures of the Na2CO3 (001) and K2CO3 (001) surfaces 
used to characterize the adsorption energetics of methanol are shown in Figure 10 (c & d). The 
surface energy, which characterizes the stability of a cleaved surface is calculated at 0.66 and 
0.41 Jm-2 for the Na2CO3(001) and K2CO3(001) surfaces, respectively.  
In order to determine the preferred adsorption sites and lowest-energy adsorption 
configurations of methanol on the (001) surfaces, a number of different initial orientations were 
optimized without any symmetry constraints. Shown in Figure 11 (a & b) are the optimized 
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lowest-energy adsorption geometries of methanol on the Na2CO3(001) and K2CO3(001) 
surfaces, respectively. Methanol preferentially adsorbs at the Na/K sites through its O atom, 
forming bridging bonds with the topmost and second layer Na/K atoms. Stronger methanol 
adsorption is calculated at the Na2CO3 (001) surface, with an adsorption energy of -2.61 eV, 
than on the K2CO3 (001) surface, where it releases an adsorption energy of -1.29 eV. Consistent 
with stronger adsorption of methanol, a shorter O-Na distance of 2.505 Å is calculated at 
Na2CO3 (001) surface compared to the O-K distance of 2.946 Å at the K2CO3 (001) surface. 
The O-H bond length of methanol at the Na2CO3 (001) and K2CO3 (001) surfaces is calculated 
at 1.022 and 1.011 Å, respectively, whereas the proton to surface oxygen distance is calculated 
at 1.642 Å and 1.647 Å, respectively. When considered as a surfactant, the stronger binding of 
methanol to the Na2CO3 (001) surface indicates that it stabilises the surfaces of the Na2CO3 
nano-particles (grains) more than those of the K2CO3 particles, thereby protecting them better 
from dissolution.  
However, as the methanol also contained a small amount of water molecules – and water was 
also added to K2CO3 as a co-solvent – we have also characterised the adsorption energetics of 
water, in order to establish which species will compete successfully for the active cation sites. 
The adsorption of water led to adsorption energies of -2.31 and -1.35 eV at the Na2CO3 (001) 
and K2CO3 (001) surfaces, respectively (Figure 11(c & d)). The stronger adsorption of water 
compared to methanol onto the K2CO3 (001) surface indicates that the water molecules will 
compete successfully with methanol for the K sites, and thus facilitate K2CO3 dissolution, 
which is in agreement with the experimental findings when water is added to the reaction 
mixture, as discussed above. In contrast, the stronger binding of methanol compared to water 
onto the Na2CO3 (001) surface suggests that the methanol species will compete successfully 
with water for the Na sites, and addition of water to the reaction mixture would therefore be 
unlikely to increase the rate of reaction in the Na2CO3 catalysed transesterification reaction.    
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Figure 10: Optimized monoclinic crystal structures (a) Na2CO3 and (b) K2CO3; surface structures of (c) 
Na2CO3(001) and (d) K2CO3(001). Colour code: blue= Na; purple= K; black = C; red= oxygen. 
 
 
 
Figure 11: Optimized lowest-energy methanol and water adsorption structures on (a, c) Na2CO3(001) and (b, d) 
K2CO3(001) surfaces. (Colour code: blue= Na; purple= K; black = C; red= oxygen; white = H, pink = Omol. 
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CONCLUSIONS 
The progress of a carbonate-catalysed transesterification reaction using methanol and 
sunflower oil has been monitored successfully by correlating the pH of the reaction mixture to 
the fractional conversion of oil to biodiesel. In general, the shapes of the time vs pH plots for 
carbonate-catalysed reactions are similar to those obtained for the hydroxide-catalysed 
reactions, with all three stages – reactant mixing, reaction stage and equilibrium stage – clearly 
distinct. The biodiesel yields under the potassium carbonate-catalysed reaction as estimated 
from pH measurements show excellent agreement with those obtained using size exclusion 
chromatography. Application of the method to a study of the effect of the type of catalyst – 
Na2CO3 versus K2CO3 - as well as the addition of water, glycerol, and GVL on the K2CO3 
catalysed reaction rate has shown promising results. Owing to its higher solubility in methanol, 
potassium carbonate was found to be a better catalyst than sodium carbonate in terms of 
increasing the reaction rate. The addition of GVL was demonstrated to enhance the rate of the 
reaction, leading to increased biodiesel yield. Although a decrease in the reaction rate was 
observed for glycerol addition, it had no effect on either the yield or the reaction time. The 
addition of small amounts of water was shown to have a positive effect on the reaction rate, 
but with an increase above 40 µL facilitating saponification reactions. Atomistic DFT 
calculations reveal that water molecules will compete successfully with methanol for the K 
sites on the K2CO3 (001) surface, thus facilitating its dissolution and increasing the rate of 
reaction when water is added to the reaction mixture. In contrast, on the Na2CO3 (001) surface, 
methanol adsorbs preferentially and the addition of water is therefore unlikely to increase the 
reaction rate for this catalyst.  
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